A previously developed algorithmic method for identifying a geometric invariant of protein structures, termed geometrical core, is extended to the and 1 domains of immunoglobulin molecules. The method uses the matrix of distances and does not require the usual superposition of structures. The result of applying the algorithm to 53 Immunoglobulin structures led to the identi cation of two geometrical core sets of atom positions for the and 1 domains.
INTRODUCTION
T his paper extends the study of geometric and sequence invariants of the immunoglobulin (Ig) family previously reported by us (Gelfand and Kister, 1995; Gelfand et al., 1996 Gelfand et al., , 1998b to analytically extract a geometrical core for the constant domain of this family. We de ne a geometrical core as a set of residues whose C ® atoms occupy the same relative positions in space, which is consistent with other prior de nitions Lesk, 1986, 1987; Gerstein, 1994, 1995) .
Two main approaches are usually used in discovering a common core. In the rst, all structures are described in one preferred system of coordinates. Several methods based mainly on the superposition of structures have been suggested. We have proposed an analytical method for introducing an invariant system of coordinates based on secondary structure alignment and inherent geometrical properties of the variable domains common to all members of the Ig family, thereby avoiding the need for a graphical superposition of structures (Gelfand et al., 1996 (Gelfand et al., , 1998b .
The main idea of the second approach is to identify a geometrical core as a subset of all aminoacid residues such that the distances between pairs C ® .I /-C ® .J / of C ® atoms in the I th and J th secondary structure positions are (almost) equal in all members of the family. We developed an algorithm for nding such a "minimal dispersion" subset of residues and applied it to identify a geometrical core for the VL and VH domains (Gelfand et al., 1998a (Gelfand et al., , 1998b . The advantage of this approach is that it does not require 674 STOYANOV ET AL. a superposition procedure and does not depend on any system of coordinates. For the variable domains of Igs, both methods produced almost identical subsets for the geometrical cores.
In the present work, we extend our study of the immunoglobulin family to the C L and C H 1 domains, applying the minimal dispersion algorithm to identify a common geometrical core for each of these two types of domains. We then compare the residue conservation at core positions between the variable and constant domains.
MATERIALS AND METHODS
As described previously (Gelfand et al., 1998a (Gelfand et al., , 1998b , the method has two major components: (1) secondary structure alignment and (2) comparison of distances between C ® atoms at pairs of identical secondary structure positions across the Ig family.
Secondary structure alignment
Any method of sequence and structural classi cation of proteins presupposes a sequence and structural alignment. In this work we use secondary structure alignment based on both sequence and structural information. The sequences were divided into fragments which approximately correspond to strands and loops. Alignment of these fragments gives us structural units of a protein-which we denote as words-with a uniquely de ned indexing of residues to the positions within words (Gelfand and Kister, 1995) .
In our previous research, 53 Ig structures were selected to include no identical sequences and to contain only data at the highest resolution (Gelfand et al., 1998a (Gelfand et al., , 1998b . Using the same 53 Ig structures 1 reported for the above study, we fragmented the light constant domain of the structures into 16 fragments, or words, and the heavy constant domain into 15 words. Using the standard notation for immunoglobulin secondary structures, these are: A, AB, B, BC, C, F, FG, G, and G 0 for the heavy constant domain, and all the above with the exception of C 0 for the light constant domain (which also results in the subsequent fragment being labeled CD). Once a sequence has been fragmented into these words, it is possibe to assign a position to every residue. Tables 1 and 2 show a sample of the immunoglobulin sequences and their secondary structure alignment.
Comparison of distances between C ® atoms
The core nding algorithm has been de ned by Gelfand et al. (1998b) and can be summarized as follows:
(1) We start by aligning the Ig structures according to the secondary structure assignments described in Section 2.1 (Gelfand and Kister, 1995) . Further, we selected 53 Ig structures with C L (that have a V L · chain) and C H 1 domains with the highest resolution and nonidentical sequences. All C L (with V L · chains) domains were aligned, and the set of positions that were common to all of them (which we dubbed "candidate" positions) was selected. (The set of (100) 
This was the starting set of positions of the C L · domain from which a geometrical core set was later obtained. Similarly, all C H 1 domains were aligned and a set of positions common to all of them (the set of (94) 
) was taken as a starting point for obtaining a set of geometrical core positions for the C H 1 domain.
(2) The set of fully aligned candidate positions is pruned to yield a subset of positions having minimal dispersion of distances between their backbone C ® atoms. These can be construed as the most stable 
Alignment of the C L domains:
representative positions covering different parts of a fold. We used a threshold T 1 5 0:25Å on the dispersion of distances for the C H 1 domain (T 1 5 0:20Å for the C L domain) and checked all positions for selfconsistency, as described below, yielding the subset denoted as FOLDREP.
(3) We next expand the FOLDREP subset to include all positions with low distance dispersion with respect to the elements of FOLDREP, as de ned by another threshold (T 2 µ 0:30Å for C H 1 and T 2 µ 0:25Å for C L domains) and, after again checking for internal consistency, denote it as the CENTRAL subset.
(4) Next, we further expand this subset to include all positions with a slightly larger dispersion of their distances (less than or equal to T 3 5 0:40Å for the C H 1 and T 3 5 0:35Å for the C L domain positions) to 
Alignment of the C H 1 domains:
elements of PRE_CORE and, after ltering for self-consistency (with an internal threshold on dispersion of distances of 0.35Å for C H 1 and 0.40Å for the C L domain), take the resulting positions to be members of the geometrical CORE subset.
Each of the above subsets de nes different levels of conservation of the positions for the particular domain. The thresholds are different for each of the domain types, determined empirically based on the distribution of distances and their dispersions.
Here is how it is done in more detail. We take the set of 100 positions, denoted CANDIDATES, from the C L domain common to all structures under consideration. As mentioned above, we did computations using 53 Igs with V L · chains only. For each pair (I; J ), (e.g., A1-G3) of positions from this set we compute the distance D i .I; J / between these two positions for each of the i 5 1; 2; : : : ; N . where M is the number of positions in CANDIDATES (the size of the matrix DISP). AVERDISP.I/ gives a rough characterization of the overall "poor-tness" of the position I .
RESULTS: CORE EXTRACTION FOR IG CONSTANT DOMAINS
The set of geometric core positions is determined in the following algorithmic way.°U sing the matrix DISP, we obtained the set FOLDREP of positions, each representing a distinct part of the protein fold, having low AVERDISP and being self-consistent in the following sense. For any element I of FOLDREP we must have
Here L is the number of elements in FOLDREP. One subset of CANDIDATES satisfying these conditions turned out to be FOLDREP 5 {A5 (Val), B5 (Cys), C6 (Trp), D5 (Ser), E3 (Ser), F2 (Thr, Ala)}. (Replacing A5 with A4 (Ser, Thr) and B5 with B3 (Val) also yields a set satisfying the above conditions.) Note that F3 (Cys) is what one would expect more likely to enter the above set, for it is a part of the Cys-Cys disul de bridge. However, our method indicated that including F3 in FOLDREP destroys self-consistency with the above constraints. We can interpret this result by infering that the proximity of F2 to the bridge makes its C ® atom even more structurally stable than that of F3. One could also attribute to this the stability of B3, in view of the allowable substitution with B5. The submatrix of dispersions for these "super conservative" positions is Here we observed the unexpected fact that the C H 1 domain shows greater variability than the V H domain previously reported by Gelfand et al. (1998b) . This can be seen from the comparison of the corresponding density distributions of number of pairs versus the dispersion of the distance between each of them (taken across the family of 53 Ig structures) for the C H 1 and V H domains given in Figures 4 and 5 respectively. Similar differences can be seen when comparing the corresponding density distributions of positions in CANDIDATES with respect to the average dispersion relative to the members of FOLDREP for the C H 1 (Figure 4 ) and V H (Figure 6 ).
DISCUSSION
(1) The simple geometrical technique described above leads to the identi cation of two sets, CORE T L and CORE T H , of C ® atom secondary structure positions for the variable C L · and C H 1 domains of the immunoglobulin family. It is based on the analysis of the X-ray crystallographic data for 53 immunoglobulin structures. The sets CORE T L and CORE T H consist of secondary structure positions with low structural variation. The positions of the C ® atoms in CORE T L can be thought of as vertices of a skeleton that forms a geometrical "core" of the C L domain and that is the same across the Ig family. Analogously, the secondary structure positions from CORE T H are vertices of a skeleton for the C H 1 domain that is conserved across the family.
(2) To determine invariant characteristics and to compare different individual structures we need to have the coordinates of atoms of each structure in a single coordinate system (Gelfand et al., 1998b) . We transformed the X-ray crystallography coordinates of the C L and C H 1 core positions (as well as those of all heavy atoms) of all 53 Ig structures to the coordinate system introduced by Gelfand et al. (1998b) , using the 1CGS as a reference structure.
(3) Just as in the case for the V L and V H in Gelfand et al. (1998b) we could have sought to construct "an axis of symmetry" between the C L and C H 1 domains. Such an axis may exist and this would provide a useful geometric characterization of the mutual orientation between the variable and constant domains. This matter needs further investigation.
(4) The classi cation of residue frequencies at positions in the geometrical core of the C L and C H 1 domains was also addressed. For the classi cation of residue conservation, we suggested dividing the positions into three kinds (Chothia et al., 1998) . At the rst kind of position, only one residue is found in almost all sequences (these kinds of positions are dubbed invariant residue (IR) positions). At the second kind of position, two or several chemically similar residues are found (dubbed similar residue (SR) positions). At the third kind, a wider range of residues is found and the conservation is best described in terms of the chemical nature of the residues that occur at the position. We refer to these positions as residue class (RC) positions.
The frequency of residues at the core positions of constant domains was calculated from sequences in the Kabat database (Chothia, Gelfand, and Kister, unpublished data) . It includes the sequences with kappa and heavy chain constant domains from different species. About 130 heavy chains and 85 kappa chains were aligned, and each residue was assigned a double label that includes a name of a word and a position of the given residue within the word. It is remarkable that the extent of residue conservation at different positions in the constant domain is less than that in the variable domain. The inspection of residue frequencies in the constant domain shows ve invariant positions in the chains of C L and C H 1 domains (Pro at A3, Trp at C4, Ser at E6, and Cys at B5 and F3 positions). Note that our analysis of residues in the variable domains revealed 9 positions that are occupied by a single speci c residue in almost all 5500 sequences (Chothia et al., 1998) .
Further inspection of the constant domain residue frequencies shows six SR positions (B3, B7, C2, E8, E10, F3) that are occupied by hydrophobic residues. This is in contrast to the eight hydrophobic positions found in the variable domain. A total of thirteen positions with invariant residues or positions that contain closely related residues were found in the constant domains, while twenty-six such conserved positions were found in the variable domain.
